Behavioral Responses to Silver Nanoparticles – A potential tool for risk management by Brodnicke, Ole Bjørn et al.
 
 
1 
 
Behavioral Responses to Silver 
Nanoparticles 
– A potential tool for risk management
 
Group 5               Roskilde University 
Ole Bjørn Brodnicke, student ID 51477    Naturalscience International Bachelor 
Dominika Jachowicz, student ID 51476     House 14.2 
Emil Knudsen, student ID 53509                                               1. Semester project 
Svetoslavas Dergaj, student ID 51481             19. December 2013 
 
Supervisors: 
Gary Thomas Banta 
Farhan Khan 
 
 
2 
 
Abstract 
The use of engineered nanoparticles, especially silver nanoparticles, has in recent years 
boomed in different areas of medicine and industry, for example due to their antibacterial and 
antifungal properties. Lately environmental scientists have raised their concern on the adverse 
effects that ongoing investigations showed. Most of the nanoparticles end up in natural water 
systems by the route of sewage water where they tend to bind to the sediment. There, they 
can disrupt the benthic species which, due to their position in the food chain and ability to 
cycle nutrients can have an effect on the ecosystem as a whole. In this project avoidance 
testing on the benthic worm Lumbriculus variegatus is being investigated as a means of 
screening for nanoparticles. This experiment consisted of placing ten worms of the standard 
test species, L. variegatus, in a beaker half filled with silver nanoparticle-contaminated 
sediment. Ag+ is used as a comparison contaminant and 5 concentrations were chosen for 
each test. After 24 and 96 hours the worms where collected and their choice of clean versus 
contaminated side was noted. In the 24 hour experiment the worms avoided the contaminated 
sediment increasingly in correlation to the concentrations. After 96 hours the avoidance 
behavior of the worms was not as pronounced. AAS analysis of the sediment showed that this 
was not due to diffusion of nanoparticles to the clean side of the beaker; this supports the 
applicability of the setup and spiking method. In conclusion, behavioral avoidance tests can 
be considered a feasible tool for assessing risk of silver nanoparticles over short periods of 
time such as 24 hours.  
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Introduction 
Silver has been a part of human society for ages (Luoma, 2008). At first it was used widely as 
currency and as a personal adornment due to being a rare and valuable metal. Later many 
other beneficial properties were brought forth in the light of science. Some of the more 
known uses of silvers in society are traditional photography, its efficiency in electric 
components due to its high conductivity, and its antiseptic nature is being used in treatment 
and medicine (Luoma, 2008). 
 
Different silver applications are still massively researched in modern science to enhance and 
find new technologies. The use of this metal always has two sides. In the shadow of the great 
new scientific revelations like the nanotechnology lies the lack of research on its negative 
effects. This was brought to our attention by the article “Gør din kosmetik havet giftigt?” 
(Buchardt, 2013) which was our initial inspiration to the subject. In the last few decades the 
modern society and politicians have noticed this shortage of research and made up for it 
which resulted in the passing of several regulative legislations on silver and nanoparticles 
(Luoma, 2008). 
 
Rapid growth in human, consumer and societal needs have been answered by modern 
industry. An increasingly growing research field is to find ways of altering known chemicals 
so that they get new properties. Silver nanoparticles, amongst others, belong to this group 
(Gorth et al, 2011).  
 
Eventually substances that are put to use in society end up as disposed waste at some point. 
Some may end up as solid waste but a portion will also end up in our surrounding 
environment (Wang et al, 2012) When reviewing research on these emerging pollutants 
relatively little evidence of their effects on the ecosystems they contaminate has been found. 
Aims and Audience 
The way this project is structured is influenced by our aim to address readers from a broad 
societal spectrum. The reasoning behind this approach is that this topic is of general interest 
for people who are concerned about pollution issues. Therefore a thorough and explanatory 
introduction will be followed by more advanced reasoning with a discipline specific 
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approach.   
 
Our interest in this subject was seeded by the concern that engineered silver nanoparticles 
disposed by society potentially pose a risk to the aquatic sedimentary environment.  
An ecosystem is defined as a system consisting of a web of interactions between living 
organisms and their environment (Kormondy, 1996). In these interactions some organisms are 
key to cycling materials and contributing to the food chain (Hickman et al, 2011). Therefore 
an exodus of important species from a given ecosystem can have negative effects. Analyzing 
if this could happen in relation to silver nanoparticles is what we are going to assess 
experimentally through an avoidance test with the freshwater benthic worm species 
Lumbriculus variegatus.   
 
The idea is to assess the toxicity of silver nanoparticles and ionic silver to an ecosystem by 
means of a behavioral response rather than acute mortality. A key thought is that a low 
concentration of a toxic chemical can still trigger an avoidance behavior due to sensing 
(Hickman et al, 2011) without being acutely toxic. By assessing this experimentally we have 
developed a new and hopefully more sensitive tool that will aid conventional risk assessment 
for societies that want to protect their surrounding ecosystems.   
Societal responsibility 
 Thousands of chemicals are used worldwide by various industries in modern production of 
goods. Many are thoroughly investigated with the aim of grading their toxicity to natural 
environments. This has led to much legislation by states and society concerning the chemicals 
(Cong et al, 2011. Buchardt, 2013. Luoma, 2008). New emerging substances such as 
nanoparticles (NP), although used in many aspects of modern industry, have not been 
investigated sufficiently as pollutants. If there is little knowledge of the hazards and risks 
connected with a new pollutant, it is vital for the contaminated ecosystem that this research is 
done so precautions can be determined and taken. As Landis (2003) puts it: ‘[…] risk 
assessment provides a linkage from the science of environmental risk assessment to the 
making of environmental policy’.  
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Problem formulation 
Our preliminary literature research and arguments presented later have led us to the following 
problem formulation: 
How can the risk for aquatic ecosystems contaminated with silver nanoparticles be assessed 
scientifically through experimental avoidance tests with benthic worms (Lumbriculus 
variegatus)? 
 
In our discussion we will address a number of sub questions. These are presented here to 
strengthen the understanding and underlining the choice of the following chapters. 
 How do nanoparticles affect living organisms including the test species L.   
variegatus as a contaminant? 
 What is the difference in avoidance behavior between silver nanoparticles and 
ionic silver? 
 How good is our developed test method? 
 How can the migration or death of L. variegatus affect the ecosystem and the                          
surrounding society? 
Introduction to Nanoparticles 
For the last decade advancement in nanotechnology has led to an explosion in use of 
nanoparticles (Luoma, 2008). Due to their unique properties they have increasingly been used 
in various scientific, industrial, environmental and medicinal applications. Due to their 
catalytic effects, they can catalyze reactions, also in living systems that would otherwise not 
occur (Korbekandi et al, 2012). The effects on the organisms in a contaminated system could 
be a consequence of the catalytic and other chemical and physical properties. 
What are Nanoparticles? 
Nanoparticles are particles with at least two dimensions between 1 and 100nm in the 
nanoscale (Luoma 2008).  
 
Engineered nanoparticles are intentionally produced and are therefore not naturally occurring 
in the environment. They are made through chemical processes, physical processes or both 
such as assembly from atoms and molecules or milling from larger, macro-scale molecules 
(Tarafdar et al 2013). Due to their minute nanoscale size they possess uniquely profound 
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chemical, biological, and physical properties compared to their larger counterparts. This 
renders them more mobile and effective in executing intended purposes.  
Silver Nanoparticles 
Silver nanoparticles are the most abundant of all nanoparticles in industrial use (Gorth et al, 
2011). This makes them an obvious target for our research. They come in the form of 
colloidal silver, spunsilver, nanosilver powder and polymeric silver all of which are 
engineered and range from 10nm to 200nm in size (Tarafdar et al, 2013). 
Properties of Silver Nanoparticles  
The harmful effects of silver NPs could be caused by some of their physical and chemical 
properties. Due to their catalytic properties they are able to catalyze reactions in living 
organisms that would otherwise not occur for example in molecules such as DNA 
(Korbekandi et al, 2012).  
 
Current research explains that part of silver nanoparticle toxicity may be caused by the ions 
they release and not only direct by the particles (Wang et al, 2012). Some effects of 
nanoparticles cannot be explained by silver ion toxicity and therefore silver ions are often 
used in experiments for comparison (Shoults-Wilson et al, 2011). The release of ions 
happens due to slow reaction from Ag Ag++e- (Chang et al, 2011). This is also the case for 
silver nanoparticles.  
 
Due their size and large surface – to – volume ratio compared to larger structures silver 
nanoparticles are shown to exhibit a very reactive behavior in biological systems and thus 
posing potential risks to many different organisms (Wang et. al 2012). Silver and other NPs 
can have different coatings which again can alter their properties (Wang et. al 2012; Shoults-
Wilson et al, 2011; Luoma, 2008) these coatings however are not in the focus here. Silver 
nanoparticle aggregation state can easily be changed depending on the environment.  
Because of these transformations, the silver nanoparticles surface will be affected and so 
will qualities such as transportation, reactivity, and toxicity in the sediments of the aquatic 
environments (Leward, 2012). Silver itself is a noble, unreactive metal, thermodynamically 
stable under most environmental conditions and will not oxidize. In freshwater, however, 
chlorides can be found in low concentrations (Adams, 1999). These can react with silver 
ions to form a solid precipitate of silver chloride (Ha et al, 2011).  
 
 
8 
 
Nanosilver Bioaccumulation 
Through research it is shown that silver NPs can be accumulated into organisms (Brinch et al, 
2011). Because of this animals that are higher in the food chain tend to have higher 
concentration of silver NPs than their prey (Cheung, 2005). Bioaccumulation of silver 
nanoparticles varies from organism to organism. 
 
Since silver nanoparticles from wastewater end up in the sediment, it can be considered an 
environmental sink of potentially bio-available silver. The animals feeding on this sediment 
are directly exposed to silver nanoparticles. Organisms tend to take up more silver 
nanoparticles from the sediment than from water itself (Luoma, 2008; Griscom, 2002).  
 
Nanosilver may combine with proteins and amino acids within the complex fluids of the 
digestive tract, or gut. Since the gut membrane is capable of transporting amino acids and 
clusters of molecules of colloidal size, silver NPs can accompany these molecules as they are 
transported into the cells of the organisms. Similarly, mechanisms exist to engulf particles 
and either digest them within the cell or transport them through the membrane (Luoma 2008). 
Ionic silver as a comparison 
As mentioned we use ionic silver as a comparison for our avoidance tests with silver 
nanoparticles. This is due to the fact that silver nanoparticles release silver ions over time. 
Therefore any response to the silver NPs could be caused by the ions they release. To have a 
clearer picture of the response to solely the NPs we compare its response to one of the silver 
ions. We expect from an avoidance study on earthworms (Shoults-Wilson et al, 2011) that we 
will observe a strong reaction towards Ag
+
 and therefore we can use it to compare it with the 
Ag NP. In other toxicity tests (Cong et al. 2011. Brinch et al, 2011) aqueous silver was used 
as a comparison of toxicity so it comes naturally to compare and evaluate our test method 
based on those results as well.     
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Why are Silver Nanoparticles a Potential Problem? 
Toxic effects 
Engineered silver nanoparticles are a potential threat mainly due to the limited knowledge we 
have of them. Because they were not thought to be harmful, they have been widely used and 
thereafter disposed and ending up in aquatic ecosystems, accumulating into the sediments 
(Cairns, 2003. Luoma, 2008). 
Silver nanoparticles are used widely in hospitals as well as in different daily products 
including cosmetics. They act as antimicrobial and antifungal agents (Tarafdar et al, 2013). 
Since there are little guidelines regarding their safe disposal, this means that they are most 
often washed down the drain with wastewater and flow down to wastewater treatment 
facilities. There, they continue to act as antimicrobials and antifungals. A study by Bowman 
et al (2013) concentrated on E. coli has shown 100% mortality in bacteria exposed to silver 
nanoparticles which, while desirable in a hospital environment, may pose a problem when 
released into nature. This can cause an array of detrimental effects to a variety of different 
organisms.  
Effects of Silver Nanoparticles on Fish 
Another group of organisms potentially affected by silver nanoparticles are fish. NPs can 
poison fish, causing heart abnormalities, reduced mobility and stunted growth amongst other 
symptoms as shown in a study conducted on zebrafish (Bowman et al, 2013). Although high 
concentrations are seldom found in nature, accumulation over time can cause the 
nanoparticles inside the fish to reach lethal concentrations. This is due to nanoparticles 
accumulating through food chains affecting animals on higher trophic levels. Because of this, 
they are not only a risk to aquatic, benthic and agricultural ecosystems, but also to humans, 
through the fishing industry which is valued by society (Cairns et al. 2003). 
Effects of Nanoparticles on Humans 
Nanoparticles also pose a potential problem for human health. Studies have shown that 
markers such as cell viability, metabolic activity and cell migration were all decreased in 
human keratinocytes (skin cells responsible for production of keratin) exposed to silver 
nanoparticles (Szmyd et al, 2012). During long-term exposures the keratinocytes have also 
suffered DNA damage. This issue is especially important to researchers as humans, as 
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patients in hospitals are often directly exposed to silver nanoparticles through dressings and 
surgical equipment. 
Effects of Nanoparticles on Plants 
Nanoparticles affect plant life, especially in the early stages of root and shoot growth and 
development. The plants can come in contact with nanoparticles through various routes such 
as run of water, fertilizer and contaminated sediment.  
 
 A study conducted on zucchini plants (Cucurbita pepo) grown in suspensions of five 
different types of nanomaterials has shown that nanoparticles have a variety of different 
detrimental effects on plant development (Stampoulis et al, 2009). Some of this toxicity 
resulted from ions released from the nanoparticles. Using ion-only controls the researchers 
established that around half of the toxic effects are from the nanoparticles themselves.  
 
We can therefore assume that nanoparticles should be considered emerging contaminants 
carrying with them a string of potential dangers both to the natural environment and to 
humans. 
Avoidance behavior in the Environment  
Unfortunately, most modern wastewater treatment facilities are not very efficient removing 
nanoparticles present in the water. With estimated 500 tons of nanoparticles produced and 
disposed annually (Mueller et al, 2012) about 450 tons of nanoparticles end up in the ultimate 
sink for most pollutants: the seas, lakes and rivers. They are therefore the best for 
investigating the effect of NPs on the environment and can be used to develop an assessment 
tool for this emerging pollutant.   
 
A study conducted on earthworms (Eisenia fetida) has shown avoidance of nanoparticle 
contaminated soils by these organisms (Shoults-Wilson, 2011). In this study earthworms were 
given the choice between soil contaminated with silver nanoparticles and non-contaminated 
soil. Ionic silver was used as one of the controls to see if they were not just reacting to silver 
ions released by the nanoparticles, but the NPs themselves. The study has shown immediate 
avoidance of ionic silver and avoidance of nanoparticles after 48 hours. This avoidance 
behavior could cause emigration of benthic worm species from nanoparticle-contaminated 
areas causing a disturbance in the local food chain and their role in the sediment irrigation, 
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initiating a long-term effect on the ecosystem (Hickman et al, 2011). This has been an 
inspiration to our experimental approach which is determining the effect of contaminants 
based on behavioral response. 
Lumbriculus variegatus as a Test Species 
Lumbriculus variegatus, also known as the Californian blackworm, is a freshwater 
oligochaete living in the sediment of shallow waters. It is distributed throughout North 
America and Europe (Brinkhurst et al, 1971). The size of the L.variegatus in natural 
environments is 0,45-45mm in length and 1-1,5mm wide. They are found in densities up to 
10.000/m
2
 (Cook, 1969) which makes them a rather important part of the ecological systems 
for different reasons, as discussed below.  
 
Lumbriculus variegatus is a sediment feeder, a consumer of the smaller particles in the 
sediment floor, including algae, decaying plant materials, bacteria and fungi inhabiting 
freshwater benthic environments (Lopez et al, 1987). They also play the part of prey animals 
for bigger organisms, such as an array of microinvertebrates, fish and waterfowl (Xie et al, 
2008. Hickman et al, 2011). 
 
While they eat subsurface material, they deposit fecal matter from the tail onto the sediment 
surface. In high worm densities this can alter the sediment floor by moving sediment bound 
contaminants to the surface of the sediment floor (Leppanen, 1998). Such transport is called 
bioturbation. In short that means the transport of particles indirectly or directly by a species 
operating in the sediment (Kristensen at al. 2012). L. variegatus performs burrowing, 
ventilation of burrows and feeding behaviors all of which cause the reworking of the mixture 
and consistency of the sediment they dwell in. This makes them ecosystem engineers as they 
increase the availability of substances to the ecosystem (Mermillod-Blondin 2011). Our test 
species can be classified as an upward conveyor which mainly feeds with its head down and 
thereby transports particles from lower sediment layers to the free water layer thereby 
redistributing the particles on the surface.  In our experimental sediment it may also alter the 
location and defuse the silver nanoparticles in the pore water to the surface water by 
bioirrigation.  
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In culture, the L. variegatus reproduces asexually, or by segmental regeneration. Segmental 
regenerations are in fact used to “synchronize” the worms for experiments, as that way it is 
possible to have their mouths at the same stage of development.   
 
For cultivation of L. variegatus an aerated tank is used, filled with synthetic OECD (The 
Organisation for Economic Co-operation and Development) freshwater (see Appendix C). 
The tank is lined with tissue paper in place of sediment. In order to keep a steady growing 
culture the worms may be synchronized every 14 days.   
 
 L. variegatus is kept in cultures in many laboratories as they are standard test organisms. 
 
Choosing L. variegatus as our experiment is based on the above mentioned and following 
considerations. L. variegatus is often used for assessing toxicity in sediments because they 
are sediment feeders. This is especially relevant for this project as silver nanoparticles 
accumulate in sediments. They are suspected to participate in trophic transfer of contaminants 
in an increased way due to their tendency to accumulate contaminants (Piol et al, 2006), their 
ability to tolerate and accumulate high concentrations (Chapman, 2001) and the fact that the 
L. variegatus is a food source for several species.   
General risk assessment 
The role of environmental risk assessment in society is to assess, using scientific methods, to 
what degree is a chemical toxic when released into an ecosystem. Many factors play a role on 
the verdict such as levels of concentration, form of toxicity and conditions under which the 
chemical is toxic. It is also vital to measure and then categorize possible harmful effects. This 
hazard assessment is done through experiments and observations. Many of these tests have 
been standardized for commercial chemicals including finding a lethal dose for ecologically 
important species. For comparison substances are scaled by the median lethal dose (LC50) – 
the dose of the chemical needed to kill half of the population. Characterizing such 
possibilities of risk, are referred to hazard as identification (Calow, 1998).  
We are using an experimental approach to assess the effects when introducing a contaminants 
or a xenobiotic to a system. When a contaminant is introduced to a system, different methods 
are used to assess effects of the substance. Since Landis et al (2003) define toxicity of a 
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chemical by its noxious influence on an ecosystem it is reasonable to assess whether the 
xenobiotic forces an organism out of its natural system. Therefore testing the behavioral 
response to a relevant species based on avoidance is implying the toxicity of the substance to 
the investigated system. Different correlations are also important to take into account when 
estimating the risk by a stressor. Time of exposure (Shoults-Wilson at al, 2011) in relation to 
toxicity is an important factor and is related to the mode of uptake (Landis et al, 2003). The 
connection between the dose level and the response of the species is also an initial indicator 
of how to process the observed data 
Dose-response curve 
The curve that is shown in the graph below is the typical, sigmoidal relationship between the 
concentration of a substance and the reaction of the subject. These can be the responses of 
any population of living organisms measured in mortality, behavioral changes or other 
indicators of harmful effects due to toxicity. Two points are interesting on this curve. The first 
is the concentration that leads to 50% response named the LC50 (Median lethal 
concentration), LD50 (Median lethal dose), EC50 (Median effect concentration) and IC50 
(Median inhibitory concentration), depending on the response measured (Landis et al, 2003). 
The second is the form of the curve. What is important here is at which concentration is an 
avoidance behavior noted. Additionally the curve shape and position in the diagram shows at 
what dose the test organism begins to exhibit toxic effects and at what concentration it is 
being critically toxic to the organism and, finally, at which point a further increase in 
concentration is showing little or no enhanced effect.  
 
 
14 
 
 
Figure 1: Expected shape of the dose-response curve. 
Environmental factors 
An ecosystem is an area where a relative equilibrium in exchanges between different living 
organisms and their abiotic surroundings has been established (Kormondy, 1996).  Cairns 
(2003) argues that investigating toxic effects by looking at an ecosystems response to a 
chemical is more reliable than single species laboratory experiments. This is due to the wide 
array of interactions between the subjects in the ecosystem. On the other hand, it is extremely 
difficult to monitor all these processes and find out what effect a new substance has in a given 
system. Smrchek et al (1998) are stressing the point of categorizing what a “healthy” system 
is, and if it is at all possible to advocate restrictive means since it is hard to assess which 
factors in a system are actually affected by alien chemicals rather than by natural 
changeability of a system. 
 
The difficulties of observatory biomonitoring of toxicity are reasons why an experimental 
approach is preferred. The main concern is the natural variation given as structural and 
functional differences. Variation in sediment, vegetation, interspecies relation, water qualities 
and currents are just some factors that add up to a complex structure. This means the 
investigation will only be valid for that exact water system. Statistical generalizations from 
those observations are not very feasible and therefore limited to local risk assessment (Luoma 
EC50 
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et al, 1991). The “bottom-up” approach (Smrchek at al. 1998) is a simpler and more 
manageable way to assess risks to an ecosystem. By looking at single species belonging to an 
ecosystem one can assess some consequences for the whole ecological community. As 
Luoma at al (1991, pp283) puts the above mentioned points together: “Because of the 
limitations of biomonitoring studies, experimental investigations can provide the best direct 
evidence of cause and effect relationships between metal concentrations and benthic 
community structure.”  Therefore determining a xenobiotic, such as silver nanoparticles, to a 
system and then testing it on a key species from that system results in a good and accepted 
way to evaluate its toxicity and inducing its impact to the whole ecological structure. Like 
Smrchek (1998) did to conclude that microcosms toxicity testing can infer that toxicity on 
ecosystems they represent is a similar approach we have when interpreting our experiment: 
The behavioral effect that silver nanoparticles have on the Lumbriculus variegatus in our 
experimental setup will be the same in a live ecosystem. Another endpoint is mortality in the 
testing, which is inferring several things. When shown as a sigmoidal curve or a regression 
line describing the concentration in relation to mortality it gives an indication on the toxicity 
of the compound tested. This is not, however, the prime aim of our experimental system.  
 
The obtained data from the experiment is of course not the only data a risk manager is taking 
into consideration when predicting potential dangers for ecosystems. The mathematical 
models used to predict environmental effects are appealing since they rely on data available 
but without comparison to observational studies of the affected environment these models 
hold a degree of uncertainty (Cairns et al, 2003). Therefore this experiment is one piece of 
risk assessment adding to the predictability of toxicity which is a cornerstone in the 
precautionary principle which is also used when assessing and legislating chemicals by 
society (Løkke, 2006).   
Hypothesis 
It is expected that the worms will detect the contaminated sediment and move away from it. 
With increased concentration the number of worms moving away from the contaminated 
sediment will increase. It is also expected that over time, the degree of avoidance of 
contaminated sediment will also increase. This will show that avoidance tests are indeed a 
suitable method of screening for silver nanoparticles as a sediment contaminant.  
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Method 
The setup consists of 72 beakers. Two different forms are used for comparison- silver 
nanoparticles and ionic silver. These are dosed at six different concentrations: 0, 25, 50, 100, 
200 and 400 µg/g where 0 acts as a control unit. We are using ionic silver added as AgNO3 as 
a comparison form. 
 
Figure 3: Overview of the experimental setup for 24 hour. The 96 hour setup is identical.  
The experiment was designed to be broken apart after 24 hours and 96 hours to check for 
worm location at those times. Three replicas for each concentration were mandatory and the 
final setup is displayed in Figure 3. Each beaker contained 10 worms.  
 
When filling the beakers the divider is placed in the middle. Standard OECD matrix (40g) is 
put on one side and the same volume of matrix spiked according to the OECD protocol (See 
Appendix C) on the other side. In short the spiking was done by dissolving the contaminant 
in 50 ml of water and adding it to the quartz sand part of the sediment. This sand was then 
dried and mixed into the rest of the sediment to obtain a homogenous distribution for each 
concentration. A sample from controls and each concentration for each form was taken for 
later AAS analysis of actual concentration. All these samples were lost so only the samples 
taken after 96 hours were analyzed. 
 
After carefully adding formulated overlaying water the divider was gently removed and a 
stainless steel air supply was fixed in the overlaying water. After an equilibrium time of 48 
hours the overlaying water was changed and the 10 worms were evenly distributed on the 
sediment surface of each beaker. The worms have been synchronized 10 days in advance. The 
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beakers were then covered with lids to prevent excessive evaporation. 
 
After 24 hours we evaluated the location of the worms by putting the divider in at the marked 
spot and then taking out the sediment on each side and investigating it for worms separately. 
The location of the worms was noted and at this occasion some sediment was also sampled 
for later AAS analysis. Both the recovered worms and sediment were frozen. The same 
procedure was performed after 96 hours and the beakers where regularly attended to 
compensate for possible water loss. 
 
Figure 4: Experimental unit setup showing the clean and contaminated side and the worms 
(please note the air supply is in the middle and not on either of the sides) 
 
AAS Method 
An analysis of the silver contents of the endpoint sediment samples was conducted by atomic 
absorbance spectrometry, which measures the total content of silver in the sample, regardless 
of the form. The procedure for this is described below. 
As stated above, the sediment samples were taken during the worm count. A sample was 
obtained from each side of the beaker, placed in eppendorf tubes and sealed tightly, then 
labeled. They were frozen on the same day they were collected. Later the frozen the samples 
were freeze dried for 24 hours. After that they could be stored at room temperature.  
Before analyzing the samples in the atomic absorption spectroscopy (AAS) they had to be 
digested. This was done by weighing out an amount of each sample equal to about 0.2500 g 
and placing it in a tube suitable for microwave digestion. Samples of pure silver nitrate and 
silver nanoparticles were also digested, however smaller amounts were weighed out to 
prevent the need for excessive dilution. 1.5 ml milliQ water and 1.5 ml conc. nitric acid were 
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added to the samples using a pipette. The tubes were then closed and placed into the 
microwave machine for digestion. After the digestion process they were cooled using cold 
water. 
The digested samples were neutralized with 7.2 ml ammonia (25% by mass) and then 
mechanically filtered into a conical flask through filters washed with diluted nitric acid (1:1) 
and milliQ water. The filtrate was then transferred to a 25 ml volumetric flask and filled with 
milliQ water to the mark. The samples were then diluted appropriately with AAS matrix to fit 
the range of concentration the AAS can measure. The AAS matrix consists of (by volume) 
30% ammonia, 6.5% conc. nitric acid and 63.5% milliQ water. 
The contaminated samples were diluted 100 times and the “clean side” samples were diluted 
10 times with matrix.  
When diluting the pure silver nanoparticle sample we diluted it 30.000 times and for the Ag
+
 
the digested sample was diluted 300.000 times for explanatory purpose the last dilution 
process is explained. Diluting the sample 300.000 times was done by pipetting 0.1ml of the 
digested sample into a 10ml volumetric flask and filling it up to the mark with matrix. This 
solution was shaken thoroughly and then 0.1ml of it was pipetted into a 10ml volumetric 
flask and filled up to the mark with matrix. Again the solution was mixed thoroughly and 
then 0.33ml solution was pipetted into a 10ml volumetric flask and filled up to the mark with 
matrix. 
The samples were shaken thoroughly and put into tubes for the AAS and placed in the 
machine for analysis together with matrix, controls and standard samples (for calibration). 
Experimental aim and expected results 
This experiment and the process of planning and researching for it has one the obvious aim: 
As supported by the context of our literature research in the report we experimentally 
demonstrate that the test organism show avoidance response to silver nanoparticle toxicity if 
left with a choice. Experiments showing that silver nanoparticles can have toxic effects have 
already been mentioned and on benthic animals Dai et al (2012) has shown that this is also 
the case. This will therefore not be included in the experiment. 
 
 
 
19 
 
The literature is sparse on the subject of choice and avoidance testing and the experimental 
method we examined closer concerning Lubriculus variegatus (West, 1998) is too space 
demanding for the amount of different concentrations we have in mind. Therefore we have 
constructed our own setup which was refined based in part on the experimental experience of 
our supervisors. The basic setup is a beaker with sediment where one side of sediment is 
spiked with nanoparticles but the sediment is otherwise identical. There is no barrier between 
the equal sized contaminated and clean sides. That and the overlaying water results in free 
maneuverability of the 10 L. variegatus specimens added to the beaker. The worms’ 
avoidance behavior is exhibited as preference of sides. Our initiated set up is supported by 
Shoulst-Wilson et al (2011) who have done a similar behavioral experiment with earthworms, 
Eisenia fetida. 
 
With this set up we expect to observe a slight avoidance behavior in lower contaminated units 
and significant avoidance response in high concentration in which we also expect to note the 
highest mortality rates. We also expect to notice an increase in avoidance over time. Putting it 
together we anticipate the finding location of the worms to be random in the controls with no 
contamination and the lower concentration. For the high concentration and long exposure 
times we expect to find the majority of worms in the clean side of the beakers. 
 
This set up together with an atomic absorption spectroscopy analysis of our initial 
concentration and the concentrations when breaking the experiment up should be able to 
indicate if this way of testing is feasible. The result of the method and design would be that 
we have introduced a technique to science and society for testing avoidance behavior that is 
new to the area. It was expected that the spiked sediment keeps its level of concentration 
throughout the experiment and that the clean side in the beaker stays non-contaminated. This 
result together with the monitoring of avoidance behavior will give us an indication on how 
good this setup and how well behavioral response works as a tool in environmental risk 
assessment.   
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Preliminary research 
For our experiments, we decided to perform tests 
with different sediments to investigate which type 
and grain size was optimal for the living conditions 
for the L. variegatus. After collecting natural 
sediment from beside Munkholm bridge in Isefjord, 
Denmark thorough rinsing was needed since the 
sediment originated from salt water, and L. 
variegatus is a freshwater species. Rinsing the 
sediment was done through two different sieve sizes to sort the grain sizes. This way the 
sediment was divided into two categories, the fine (< 250 µm) and the coarse (< 2000 µm). 
Then the rinsed sediment was stored in buckets in a climate room at 17 degrees Celsius. 
 
 In the first round of preliminary research sediment was filled into small beakers, with 30 ml 
of sediment each, depth of sediment approximately 2 cm. Three different kinds of beakers 
were set up (fine sediment, coarse sediment and a mixture of both). A choice test (in 200 ml 
beaker) was also set up. The experiments were left for 24 hours. The tests were setup with tap 
water so it reached 2 cm over the sediment. We then added 5 L. variegatus to each of these 
beakers. The choice setup consisted of one beaker with the two different grain sizes (fine and 
coarse), separated by a plastic divider which was then removed and 20 worms were 
distributed evenly on the surface.  
 
These experiments indicated that L. variegatus in some degree needs coarse sediment for it to 
be able to dig in. An explanation could be that they found the cracks between the coarse sand 
and dug that way. However, this would mean they are not exhibiting normal 
burrowing/feeding habits. The 50/50 sediment had 8 in the fine and 10 in the coarse, while 2 
were missing.  
 
Another setup similar to the former experiment was done, with sediment depth lowered to 
approximately 5mm to figure out how much sediment was needed for the experiments. Tests 
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with smaller amounts of sediment were conducted with 10 ml of the 3 types of sediment. Five 
worms were added and results showed similarity to earlier experiments with higher quantity 
of sediment. Fine sediment had again no worms dug in. The coarse sediment showed some 
burrowing; while many of the worms had initially dug down they had seemingly left the 
sediment again. In the mixed sediment 4 worms had dug down and 1 L. variegatus was found 
dead. 
 
Decisions were therefore made to alter the methods used, such as the use of higher amounts 
of sediment. The mixed and the coarse sediments showed by far most burrowing, while the 
fine was very hard for L. variegatus to dig into. The sediments also showed signs of decay of 
organic matter which caused a problem for the worms. Due to the wide range of problems 
with these sediments of different grain sizes, it was decided that a standard sediment type, 
found in OECD’s guidelines (see the Appendix C), would provide a better habitat for L. 
variegatus. To set up the sediment and keep the sides separated, dividers where developed 
and beakers were marked where the divider was placed. 
 
One of the major obstacles for this experiment was finding a good solution for finding the 
worms at the end of the experiment. In the end we settled on a method of sieving out the 
major parts of sand and clay, leaving us with small amounts of sand, peat and worms. This 
way it made it possible to see the worms using strong flashlights. During preliminary testing 
this system showed great promise, and within 30 minutes it was possible to retrieve all the L. 
variegatus. 
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Results 
Our raw data can be found in Appendix A but it is also graphically shown in this section.  
Figure 5. Ag+ 24h data                                               Figure 6. NP 24h data 
 
Figures 5. and 6. show the location of worms after 24 hours displayed in percentage. Each 
concentration consists of 3 replicates except in Ag+ 0 and 400 concentration which only had 2 
replicates. Casualties are considered as worms that could not be accounted for during the 
search, since the dead worms disintegrate too fast for us to find corpses.   
 
An initial glance at the two figures indicates that the worms have exhibited preference for the 
clean side at some concentrations. In the NP form comparing the low concentrations (0, 25 
and 50 µg/g) we observed a 43.2% (std 13%) mean avoidance and in the high concentrations 
(100, 200 and 400 µg/g) a 66.5% (std 6.8%) mean avoidance. With the “no choice” being 
50% we see an avoidance of high concentrations of silver NP at 24 hour exposure. 
 
Doing the same comparison with the Ag+ in which we expected a definite avoidance response 
(Shoults-Wilson at al, 2011) we have the following:  low concentration mean avoidance 
44.82% (std 11%) and high concentration mean 72.93% (std 19.8%) avoidance we observe a 
similar to NP but stronger avoidance. Mortality is interpreted as a separate result independent 
of avoidance behavior since the location of dead worms cannot be assessed. 
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 Figure 7. Ag+ 96h data                                                   Figure 8. NP 96h data 
 
Figures 7. and 8. Show the location of worms after 96 hours displayed as percentage. Each 
concentration consists of 3 replicates except in NP 25 and 400 concentrations which consist 
of 2 replicates.    
 
After 96 hours we clearly observe a higher mortality than after 24 hours. This will be 
addressed after focusing on the avoidance of the survivors. Mean avoidance in low and then 
high NP concentrations was respectively: 63.45% (std 1%) and 56.09% (std 6.43%). Here we 
see a slight avoidance in the lower concentrations and close to no avoidance response to high 
concentrations after 96 hours of exposure. In the Ag+ 59.8% (std 11.9%) mean avoidance is 
observed in the low concentrations, however in the high concentrations a mean of 28.56% 
(std 12.5%) worms are found on the clean side, showing a preference for the contaminated 
side. This result is a bit puzzling but will be addressed in our discussion. 
Mortality 
Mortality was an additional result we have obtained from this experiment. The graphs 
illustrating these data for mean mortality can be seen in the graphs below.  
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Figure 9: Mean mortality shown as dead worm percentage of starting worms after 24h. The 
error bars are based on standard error 
 
Figure 10: Mean mortality shown as dead worm percentage of starting worms after 96h. The 
error bars are based on the standard error 
Atomic Absorption Spectroscopy  
AAS analysis was performed for selected samples from the 96 hour experiment. The samples 
tested were from the 200 µg/g of both forms, some controls as well as the pure silver NPs and 
AgNO3 used to make the spiked sediment in the experiment. The calibration curves and 
absorption data for the AAS can be found in Appendix B. The AAS measured the total silver 
content, regardless of the form.   
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Contaminated Concentration 
µg/g  
Clean Concentration 
µg/g  
200 µg/g  NP 151,73 200 µg/g  
NP 
2,77 
200 µg/g  NP 178,42 200 µg/g  
NP 
1,15 
200 µg/g  NP 164,93 200 µg/g  
NP 
2,05 
200 µg/g  Ag+ 248,11 200 µg/g  
Ag+ 
3,05 
200 µg/g  Ag+ 250,8 200 µg/g  
Ag+ 
7,36 
200 µg/g  Ag+ 272,09 200 µg/g  
Ag+ 
           - 
Pure AgNO3 898917,1 Control 1,35 
Pure Ag NP 1082542 Control 1,96 
Table 1: Actual concentration of selected 96 hour samples measured using AAS.  
Expected pure Ag
+
 and NP concentrations were respectively 635000µg/g (63.5%silver 
content in silver nitrate) and 990000µg/g (99.9% pure NP). 
We did the AAS analyses to confirm the nominal concentrations. Therefore we examined the 
3 replicate samples after running the experiment 96 hours of both forms and controls. To 
have a reference line for concentration comparison the AAS first analyzed the standards from 
which data we fitted two linear standard curves which can be found in Appendix B. One of 
the standard curves was used to explain low concentrations and one for high concentrations.  
We decided to inspect the 200µg/g concentrations which showed an 82.5% NP recovery 
(recovery is calculated as a percentage of the nominal concentration) and a 128.5% Ag
+
 
recovery of the expected starting concentration. The clean side within the exposures exhibited 
no increase in silver concentration compared to the clean control samples. A simple two 
sample t-test showed that at a 5% significance level the means from the clean sides of NP and 
Ag
+
 are from the same distribution as the controls, with p=0.64 and p=0.2516 for NP and Ag
+
 
respectively. The stock concentration was analyzed to confirm our method and to assess if the 
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concentration stated by the manufacturer is accurate. The recovery was 108% (1.08 g Ag/g 
NPs) for the NPs and for Ag+ 143% which is significantly higher than expected. 
Discussion 
Good experimental results come by with good planning, experience and logistical 
possibilities. In our opinion we had a good planning phase with a manageable timeframe and 
with the help of our supervisors we made a solid and straightforward experimental setup that 
managed to yield relatively significant results. The main aim of our experiment is to show 
avoidance and as we described in the method we did that by noting the location (clean or 
dirty side) of the Lumbriculus variegatus after 24 and 96 hours. One result we did not 
initially expect to be so present is the unnaturally high level of mortality of our worms, 
compared to the mortality in our preliminary tests which was notably lower.  We therefore 
also tried to integrate that as a response to concentrations and as a measure of how well the 
setup worked. 
 
Overall the experiment yielded good results and did not involve any major issues since the 
method was straightforward and followed our initial method plan closely. The experimental 
approach we chose proved to be both practical and fairly successful, and did not pose any 
unnecessary complications. However, as with every method, we did have some uncertainties 
caused by experimental bias. A few events may have occurred that have altered the outcome 
of our results slightly. Between the two experiments for practical reasons we had to move the 
entire setup, leaving beakers without aeration for a short period of time, but more importantly 
the locomotion could have disturbed the worms. 
 
Accidently using the same equipment for both contaminated and uncontaminated sediment 
handling when breaking up the experiments could have caused cross-contamination of the 
samples. This may have resulted in some of the clean samples having elevated silver content, 
although this was not the case in the samples that were run through the AAS which did not 
show silver concentrations higher than control.  
 
The NPs and the Ag
+
 did not mix into the clean side which is a strong indication that our 
experimental setup worked by creating a choice scenario for the worms and still keeping the 
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contamination in its original place. The spiking method used turned out to give satisfying 
results with a high recovery rate for both forms. After 96 hours with possible silver loss to the 
water phase which we did not account for we can assume that the starting concentrations 
have been acceptably close to the nominal concentrations. When analyzing the stock 
concentrations the AAS results confirm the expected silver content given by the 
manufacturer. The high observed silver absorbance in Ag
+
 stock, 200 and 400 solutions could 
be countered with resampling in the AAS with increased dilution of the samples for a more 
precise absorption. Due to the fact that our samples are not from the start of the experiment 
this could still only be an estimation of the starting concentration and it was not done. Put 
together the AAS outcome showed that the setup and spiking worked as planned and we have 
a good estimation of our actual starting concentrations.    
Our concentration range compared to toxicity test done by Cong et al. (2011) on Nereis 
diversicolor, which is also a sediment dwelling polychaete, is substantially higher. In the 
above-mentioned study it was shown that doses in our low concentration range (25-50 ug/g) 
have adverse effects on DNA and body burdens. This suggests that with our high 
concentrations we could have lethally stressed the worms, thereby making them less able to 
move.  
The following is our worm avoidance data plotted into graphs for a better display and 
visualization of the avoidance behavior for discussion. The mean percentage of surviving 
worms is plotted against concentration. The dead worms were not taken into account of the 
total when calculating these results. In the following graphs the error bars are the standard 
error of the mean. 
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Figure 11: Mean avoidance (%) for 24 hours NP 
 
The overall trend of these results is a slight increase with a plateau at 200 – 400 µg/g. Here it 
would be especially interesting for further studies to explore the data points between 50 and 
100 µg/g as well as 200 and 400 µg/g. 
 
Figure 12: Mean avoidance (%) for 24 hours Ag+ 
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In the 24 hour experiment containing ionic silver the worms showed increasing avoidance 
which reached a plateau between 100 and 200 µg/g just to rise again to over 90% at 400 µg/g. 
This trend comes very close to our hypothesis with the avoidance increasing in a nearly 
sigmoidal fashion. When compared to Figure 1 the curve at low concentrations shows low or 
no avoidance and then at high concentrations we see clear avoidance related to dose.  
Repeating the experiment with concentrations between 200 and 400 µg/g could provide us 
with a deeper understanding of the trend. As expected, the avoidance for ionic silver was 
higher than that of nanoparticles (Shoults-Wilson et al, 2011). If we see the ionic silver as an 
example of clear avoidance (as expected), then compared to it the results for NPs show a 
clear avoidance trend.  
 
 
Figure 13: Mean avoidance (%) for 96 hours NP 
 
The 96 hour results have proved to be more problematic. The avoidance for the 96 hour 
experiment involving silver nanoparticles has given results which all have avoidance varying 
around 60%. The lack of any real difference in avoidance at this stage of the experiment 
could suggest that the worms have become accustomed to the environment around them. 
However this adaptation has been observed in cases where the species population comes from 
an environment with contaminated sediment (Mouneyrac et al, 2003). Since our experiment 
 
 
30 
 
did not last for a longer period of time it is reasonable to assume that the L. variegatus did not 
develop resistance to silver in the 96 hours. Another explanation could be that nanoparticles 
have seeped into the clean side, leaving no significant difference in concentration. This is 
proven not to be the case by our AAS analysis. 
 
Figure 14: Mean avoidance (%) for 96 hours Ag+ 
 
As can be seen in the graph above for ionic silver the avoidance rises at 25 µg/kg, however it 
then mainly drops again in the higher the concentration, showing preference for the 
contaminated side which is inconsistent with our initial hypothesis. The low or negative 
avoidance of ionic silver in this experiment makes it unsuitable to use it as a comparison for 
the NP results. 
 
Initially, as anticipated when the hypothesis was written, the worms have displayed avoidance 
to both silver nanoparticles (up to 74% avoidance at highest concentrations) and ionic silver 
(up to 95% at highest concentrations). The avoidance trend in both the aforementioned 
experiments was generally increasing when dose was increasing with the exception of a few 
plateaus. They indicate that avoidance tests over time spans as short as 24 hours can indeed 
be a viable tool for the assessment of the ecological impact of silver nanoparticles.   
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In the 96 hour experiment, however, the increasing avoidance trend was no longer very clear. 
The worms appeared in equal amounts on both sides of the beaker, or, in some cases with the 
ionic silver, even seemed to prefer the contaminated side which made it unreliable to use the 
ionic silver as a standard comparison as planned. Since ionic silver has antibacterial 
properties this could be due to more favorable organic conditions than on the clean side of the 
beaker. The worms could have favored the polluted side as it would have less bacteria and 
more food available. If this is the case, however, the setup containing nanoparticles should 
give similar results as nanoparticles also act as antibacterial and antifungal agents. The study 
that was part of our inspiration (Shoults-Wilson et al. 2011) states that the microbial 
community is not significantly reduced by any of the two forms after 48 hours. Also there 
seems to be no relation to concentration. This leads to the conclusion that the same is true in 
this experiment. In the experiment with the nanoparticles the results gave a very flat plot with 
the avoidance focused in a small range between 40-68% and most of it around 60%. This way 
it was visible that there was indeed avoidance behavior (since most of the results were above 
50%) however it did not appear to be concentration-dependent as it did not rise or fall 
significantly with increasing concentration. 
As it was expected (Shoults-Wilson et al, 2011) the ionic silver exhibited a stronger 
avoidance. This strong behavior was noted in the immediate (24 hour) result indicating that 
the worms disliked the silver ions. In the NP we still observe a high avoidance and taking the 
previous statement into account we can conclude that somehow the L. variegatus is sensing 
or feeling the nanoparticles. This could very well be the case since polychaetes have nuchal 
organs that are believed to be chemoreceptive (Hickman et al, 2011). 
    
In control exposures (0 µg/g concentrations) it was expected that worms would be equally 
distributed between the 2 sides of the exposure. However, the experiment exhibited an 
unexpected variance in choice of the two sides and in terms of mortality. Since there is no 
difference in the sediment the location of the worms is by chance on the given side. All 
beakers, including those with spiked sediment, have been randomly placed in the 
experimental setup so that location could not affect all 3 replicas of a concentration. When 
looking at the sum of clean and dirty side of the controls we see 45 on the “clean” side versus 
41 preference of “contaminated” side so the variance evens out when look at all replicas. The 
mortality is varying a lot between the replicas but since we did not note any incidents 
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happening to any beakers in the course of the experiment this is possibly also by chance. We 
made sure that worms were randomly assigned to the beakers at the start of the experiment so 
that each beaker had a random mix from the test population.  
If the tissue burdens of the recovered worms had been tested with the AAS as planned, it 
would be possible to strengthen the idea that the worms moved around to choose a side. 
Depending on the amount of silver in the worms it would be possible to assess how much 
time they spent on the contaminated side. By viewing this data together with the finding 
location one could determine if the worms moved around or just stayed in one place for the 
duration of the experiment.    
 
Analyzing the observed avoidance data with a chi square test gives some insight to the 
significance of our results. The expected result is calculated as no preference of sides in the 
beaker, 50% on each side, (p^=0.50) of the surviving worms for each concentration. The null 
hypotheses of the test is that the worms do not make a choice: about 50% of the worms 
observed should be observed on the clean side. The significance of the null hypothesis being 
the true is the p value (See appendix D for the calculations). For the Ag
+ 
24 hour results we 
have a p=0.0376 which states that we can reject the null hypothesis with a 96.24 % certainty 
and conclude that in fact there was a preference of the clean side since we see more worms on 
the clean side than expected. On the other hand at 96 hours the Ag
+
 result yield a p=0.0123 
which again leads to the rejection of the null hypothesis but this time the worms actually 
preferred the contaminated side. When analyzing the NP data the p value for 24 hours is 
0.2808 which is not significant. The numbers seem to suggest that there might be a slight 
preference for the clean side this time, but they are not convincing and could just be due to 
chance. The data after 96 hours gives a p=0.6907 which means we clearly cannot reject the 
null hypotheses and conclude that there has been no indication of preference of sides. The test 
shows that preference of a side has been exhibited in the Ag
+
 and with some similar, but not 
significant tendency for the 24 hour NP. No choice was evident after 96 hours in the NP 
experiment. Another advanced way of statistical analyzing the data could have been with an 
analysis of variance to check for the difference in the sample means.  
The mortality of the worms in our samples was counted as the worms that were not found 
(the graph of mean mortality can be seen below). This is due to the fact that the dead worms 
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disintegrated too fast for us to count the mortality by actually finding the dead worms. We 
have found that the mortality of the worms varied very much with means from 3% to 40% 
(Fig. 13, 14). The standard deviation varied between 0 and 3.09% for the different groups of 
replicates. It can be seen that in nearly all experiments (except the 24 hour Ag
+
 ) mortality is 
increasing towards the highest concentrations (400 µg/kg) compared to the controls (0 µg/g). 
It is an interesting point that mortality in the 200 and 400 concentrations of Ag
+
 in 24 hour 
beakers is significantly low. Comparing that to the high avoidance noted for these 
concentrations this indicates avoidance of Ag
+
 seems to increase the survivability of the 
worms. Avoiding lethal doses of a toxicant in favor of a safe refuge is a good example of 
behavioral choice.  Other than those two concentrations the rest indicates that higher doses 
have an effect on mortality as expected of a toxicant. At the three lowest concentrations 
mortality seams random, suggesting some relationship between concentration and mortality. 
Some of the general mortality spread between the different concentrations could be caused by 
something else such as excess of organic material or other natural causes.  
 
Figure 15: Mean mortality for 24h experiment. 
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Figure 16: Mean mortality for 96h experiment 
Due to limited number of worms used in the experimental units, the worm mortality had an 
unexpected influence on how to interpret the data. An extensive preliminary study of survival 
for future experiments can be done bring down the general mortality in the worms by 
adjusting the conditions in the beaker. This would make the choice more clear and strengthen 
our hypothesis. Taking this into account, this setup is a good method for short-term testing 
rather than long-term. 
 
The fact that the contaminated and clean sediments were not mixed arises the possibility that 
the worms did not perform extensive amounts of bioturbation. One reason could be their 
impairment by the NPs. Fabrega at al. (2011) states various toxic effects of silver NP and 
especially silver ions (Ag
+
) on aquatic invertebrates so the conclusion that high concentration 
can immobilize the L. variegatus is plausible. This would likely only happen in the 
contaminated side and would explain why we see significant mortality in our 96 hour Ag
+
 at 
400ug/g concentration. The reason that we find so many in the contaminated side, one could 
argue, is that they are immobilized when burrowing there. This could be assessed by 
analyzing the lower concentrations for bioturbation using the AAS. If the effect of 
bioturbation by the benthic worms is lost this could have serious effects on the aquatic 
environment (Mermillod-Blondin et al, 2011).  
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In a broader perspective the results above show that increasing concentrations of 
nanoparticles in sediments can indeed cause animals on the lowest trophic levels to migrate 
away from an area causing a depletion of nutrients and lack of bioirrigation in the benthic 
layer. Although we found that it might be possible for the worms to acclimate to 
nanoparticles, this could still have detrimental effects on the ecosystem due to the potential 
accumulation of these particles in the tissues of the worms in a polluted area. Due to their 
position in the food web this would also affect the entire ecosystem. Lastly, the additional 
result of worm mortality is worth further investigation since a relationship is suggested 
between silver concentration and mortality. 
 
The concentrations we have used are in the high end of what silver concentrations are 
observed in the water phase: 0.03-500 ng/l(Luoma 2008). In the same article, however, it is 
argued that sediment adsorbs silver particles and that an accumulation in silver concentration 
happens around societies waste disposals. This can lead to hot spots with elevated 
concentration (Cairns et al, 2003) which then as we have seen in this experiment could lead 
to an avoidance of the area by the benthic worm, L. variegatus.  
This idea of choice based risk assessment is new and can lead to new conclusions that are not 
related to the actual toxicity of a chemical. With this experimental setup we believe to show 
that this might be a tool worth investigating further at lower concentrations since it may have 
a more subtle approach towards species sensitivity towards a stressor. 
Conclusion 
The success of our experimental setup was underlined by consistent AAS results and revealed 
good application when assessing avoidance behavior. At the 24 hour timeframe we noted 
avoidance towards silver nanoparticles which is consistent with our hypothesis. The 
experiment with ionic silver also showed avoidance, at even higher levels which could 
suggest that the silver ions released by NPs cause the avoidance itself. The results for the 96 
hour experiment were less clear to analyze as the mode of avoidance changed, and in some 
cases the worms even preferred the contaminated side. The experiment did not include 
methods to establish whether this was due to adaptation to the contaminated environment or a 
more favorable bacterial flora without further refinements. 
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 The relatively fast avoidance of the L. variegatus could lead to an exodus in an ecosystem 
from the contaminated area over a short period of time. This loss of an ecosystem engineer 
would lead to less cycling of nutrients in the benthic layer and a missing link in the food web 
in affected areas. The ultimate result could lead to degeneration and loss of fauna and flora. If 
not controlled or limited civilized societies will leave their natural recreational areas and fish 
feeding grounds to decay if high silver nanoparticle contamination is reached. 
Perspective 
Reflecting on our experience is part of our learning curve. In the planning and pre 
experimental research phases we obtained valuable experience which improved our skills as 
aspiring scientists. 
This knowledge is important for future experimental work but it has also given insight that let 
us review scientific work critically. We are confident that the good results we have obtained 
can be useful for further behavioral studies. In terms of society’s responsibility to 
safeguarding our environment this test method could be developed further to be more 
accurate and thereby assist the common risk assessment techniques. It makes intuitive sense 
that an organism would avoid harm and stress if it can sense this in advance. The ability of 
these organisms to navigate in their environment to avoid danger can be used as tool which 
we want bring to the greater attention of ecotoxicology community.  
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APPENDIX A: RAW DATA 
Table 2: 24 hour results 
24 hour result:        
 Clean Contaminated Casualties  Clean Contaminated Casualties 
0mg Ag+ 5 5   0mg NP 9 0 1 
0mg Ag+ 1 6 3  0mg NP 4 5 1 
0mg Ag+ 0 0 0  0mg NP 0 6 4 
25mg Ag+ 4 5 1  25mg 
NP 
5 4 1 
25mg Ag+ 7 3 0  25mg 
NP 
1 6 3 
25mg Ag+ 2 14 4  25mg 
NP 
5 3 2 
50mg Ag+ 9 0 1  50mg 
NP 
2 7 1 
50mg Ag+ 5 5 0  50mg 
NP 
4 6 0 
50mg Ag+ 3 7 0  50mg 
NP 
5 5 0 
100mg 
Ag+ 
1 2 7  100mg 
NP 
5 5 0 
100mg 
Ag+ 
7 2 1  100mg 
NP 
6 3 1 
100mg 
Ag+ 
7 3 0  100mg 
NP 
3 4 3 
200mg 
AG+ 
7 2 1  200mg 
NP 
8 0 2 
200mg 
AG+ 
5 5 0  200mg 
NP 
5 4 1 
200mg 
AG+ 
5 3 2  200mg 
NP 
6 3 1 
400mg 
Ag+ 
10 0 0  400mg 
NP 
6 2 2 
400mg 
Ag+ 
9 1 0  400mg 
NP 
5 2 3 
400mg 
Ag+ 
0 0 0  400mg 
NP 
7 3 0 
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Table 3: 96 hour results 
96 Hour result        
 Clean Contaminated Casualties  Clean Contaminated Casualties 
0mg Ag+ 5 3 2  0mg NP 2 5 3 
0mg Ag+ 5 3 2  0mg NP 7 2 1 
0mg Ag+ 2 5 3  0mg NP 5 1 4 
25mg Ag+ 5 5 0  25mg 
NP 
6 1 3 
25mg Ag+ 9 1 0  25mg 
NP 
3 6 1 
25mg Ag+ 5 0 5  25mg 
NP 
Might have been in the 25mg Ag+* 
50mg Ag+ 0 3 7  50mg 
NP 
3 4 3 
50mg Ag+ 4 3 3  50mg 
NP 
6 4 0 
50mg Ag+ 7 1 2  50mg 
NP 
5 0 5 
100mg 
Ag+ 
4 4 2  100mg 
NP 
3 5 2 
100mg 
Ag+ 
5 1 4  100mg 
NP 
2 4 4 
100mg 
Ag+ 
1 6 3  100mg 
NP 
5 5 0 
200mg 
AG+ 
0 5 5  200mg 
NP 
3 4 3 
200mg 
AG+ 
1 6 3  200mg 
NP 
3 5 2 
200mg 
AG+ 
0 10 0  200mg 
NP 
3 0 7 
400mg 
Ag+ 
1 5 4  400mg 
NP 
3 3 4 
400mg 
Ag+ 
2 5 3  400mg 
NP 
0 0 10 
400mg 
Ag+ 
1 1 8  400mg 
NP 
6 1 3 
         
*25mg 
Ag+ 
1 8 1 Extra     
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APPENDIX B: AAS CALIBRATION CURVES 
Figure 16: AAS Calibration curve for lower concentrations 
 
 
Figure 17: AAS Calibration curve for higher concentrations 
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Form Nominal 
concentration 
(µg/g) 
Side  Absorption 
1 
Absorption 
2 
Absorption 
3 
Mean 
Absorption  
Actual 
Concentration 
(ug/g)  
nano 200 cont 0,7462 0,7403 0,7334 0,739967 151,7369 
nano 200 clean 0,1726 0,1594 0,0668 0,132933 2,77913 
nano 200 cont 0,733 0,7269 0,7223 0,7274 178,4213 
nano 200 clean 0,105 0,1034 0,0991 0,1025 1,153839 
nano 200 cont 0,733 0,7269 0,7223 0,7274 164,9368 
nano 200 clean 0,0506 0,0444 0,375 0,156667 2,052428 
ag+ 200 cont 0,983 0,9809 0,9844 0,982767 248,1134 
ag+ 200 clen 0,2766 0,2724 0,2773 0,275433 3,050011 
ag+ 200 cont 0,8734 0,8666 0,871 0,870333 250,8 
ag+ 200 clean 0,4818 0,4797 0,4807 0,480733 7,36385 
ag+ 200 cont 1,0725 1,0675 1,07 1,07 272,0961 
controls 0 clean 0,1322 0,1245 0,1231 0,1266 1,352686 
controls 0 clean 0,1802 0,1666 0,1602 0,169 1,965696 
ag+ 635000 cont 0,9761 0,9724 0,9752 0,974567 898917,1 
nano 990000 cont 0,8121 0,8161 0,8062 0,811467 1082542 
Table 4: AAS results including absorptions. 
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APPENDIX C: OECD GUIDELINES FOR LUMBRICULUS 
VARIEGATUS 
RECOMMENDED ARTIFICIAL SEDIMENT – GUIDANCE ON PREPARATION  
Sediment constituents:  
 4-5% dry weight Sphagnum peat, air-dried, finely ground (particle size ≤0.5 mm) 
 20% dry weight kaolinite clay (kaolinite content above 30%) 
 75-76% quartz sand, fine (grain size ≤2mm but 50% of the particles should be in the 
range of 50-200µm) 
 0.4-0.5% sediment dry weight finely ground fish food 
 50% sediment dry weight specialized L. variegatus water formula 
Preparation   
The quartz sand is spiked with a solution of the contaminant in deionized water and dried 
using heat. It is then mixed with the peat, clay and fish food using a hand-mixer while slowly 
adding the water until the mixture is homogenous.  
 RECOMMENDED ARTIFICIAL WATER – GUIDANCE ON PREPARATION  
Constituents: 
 25 l MilliQ deionized water 
 2.95 g MgSO4.7 H2O 
 2.4 g NaHCO3 
 0.1 g KCl 
 1.25 g CaSO4. 2 H2O 
23.75 l of MilliQ water is filled into a 25 l flask. The MgSO4.7 H2O, NaHCO3 and KCl are 
added and the flask is left for aeration for approximately 24 hours. Fill a 2 l flask with the 
remaining 1.25 l of MilliQ and add the CaSO4. 2 H2O. The flask is set on a magnetic stirrer 
to mix. After 24 hours the contents of the two flasks are mixed together and aerated for 
another 24 hours before the water is ready to use.  
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Adapted from: OECD Guidelines for The Testing of Chemicals- Sediment-water 
Lumbriculus Toxicity Test Using Spiked Sediment (Adopted 16 October 2007) 
 
 
 
APPENDIX D: CHI SQUARE 
      24 hours on the clean side p^=0.5 (no choice) 
 The expected worms are counted as half the surviving worms at that concentration 
concentration Ag+ 
 
NP 
0 
 
6(8.5) 
 
13(12) 
 25 
 
12(13.5) 
 
11(12) 
 50 
 
17(14.5) 
 
11(14.5) 
 100 
 
15(11) 
 
14(13) 
 200 
 
17(13.5) 
 
19(13) 
 400 
 
19(10) 
 
18(12.5) 
 
      X2 24 hours Ag+= 0.74+0.17+0.43+1.45+0.91+8.1= 11.8 
df=5 p=0.0376 
    We reject the H0 Pr{expected}=Pr{observed}  
 and conclude there is a favor of the clean side in 24 hours and a preferance for the 
contaminated side in 96 hours  
      
      
     X2 24 hours NP= 0.08+0.08+0.84+0.08+2.77+2.42=6.27 
df=5 p=0.2808 
    Here we can not reject the H0 so we can not conclude that there is a significant avoidance in 
NP 96 hours but slight in 24 hours 
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      96 hours on the clean side p^=0.5 (no choice) 
 
      Concentration Ag+ 
 
NP 
 0 
 
12(11.5) 
 
14(11) 
 25 
 
19(12.5) 
 
9(8) 
 50 
 
11(9) 
 
14(11) 
 100 
 
10(10.5) 
 
10(12) 
 200 
 
1(11) 
 
9(9) 
 400 
 
4(7.5) 
 
9(6.5) 
 
      X2 96 hours Ag+= 0.02+3.38+0.44+0.02+9.09+1.63= 14.58 
df=5 p=0.0123 
    
      X2 96 hours NP= 0.82+0.13+0.82+0.33+0+0.96=3.06 
 df=5 p=0.6907 
     
 
